The detailed assembly used by us for video-enhanced contrast-differential interference contrast (VEC-DIC) microscopy (video microscopy) is first described. Employing such video microscopy, we then examined the morphological changes occurring during locomotion and activation processes of polymorphonuclear leukocytes (PMNL) and microglia at an almost electron microscopic magnification. Upon contacting the substratum, PMNL transformed into a polarized ameboid shape and crawled extending pseudopodia, as has been well documented previously. The PMNL sometimes displayed a peculiar locomotion as if they were stepping on "tiny legs", or sliding on a treadmill of cell membrane. Cultured microglia were observed to exist in 4 forms; ramified, reactive, villous, and ameboid. Microglia in the reactive form pivoted, circled and crawled on the astroglial cell layer using their transparent lamellipodia with no morphological changes in their cell body. Unlike PMNL, reactive microglia exhibited no agitated movements of their intracellular organelles, including granules and cytosol, during locomotion. Lamellipodia on the undersurface of the cell body touching the cell layer adhesively, appeared to serve as the locomotive apparatus. When activated, both floating PMNL and microglia of villous form assumed an ameboid shape within a few seconds. Microglia occasionally swam in the medium waving their lamellipodia towards a target object (e.g. zymosan A particles), remodelling to an amorphous ameboid form and covering up the target. We attempt to discuss such swift morphological changes from the standpoint of thermodynamic potential of Gibbs free energy which is stored within the cells. (Keio J Med 45 (3): 213 -224, September 1996) 
Introduction
PMNL have been found to accumulate in the ischemic region of the brain at several hours after the onset of ischemia, both in experimental animals and in human stroke patients. [1] [2] [3] The PMNL adhere to endothelial cells so initiating inflammatory changes and, subsequently, causing derangement of the endothelial cells. 4 Attracted by certain unknown chemoattractants released from the ischemic tissue, monocytes migrate into the tissue through the deranged blood-brain barrier. Ramified microglia present in the neighboring tissue in a quiescent state are also activated, transforming into cells of reactive form which commence migration towards the ischemic region .5
Arriving at the ischemic site, both monocytes and micro glia become macrophages which scavenge damaged axons, dead neurons and other debris. However , the mechan isms whereby such motile cells transform and migrate towards the ischemic region is still poorly understood . Morphological changes such as activation , chemotaxis/ locomotion and phagocytosis evidently involve numerous cellular processes including the formation of specialized Reprint requests to: Dr Minoru Tomita, Department of Neurology, School of Medicine, Keio University , 35 Shinanomachi, Shinjuku-ku, Tokyo 160, Japan surface structures, regulation of the membrane-bound actin activities, and initiation of receptor-mediated cellular responses. All of these processes occur within the order of seconds/minutes at far below the limited level of magnification provided by standard light microscopy. Electron microscopy is unsuitable for the study of such remodelling processes because of the inevitable fixation procedures that deprive the cells of their vital active responses. Clearly, dynamic studies on living endothelial cells are needed. By employing the technique of VEC DIC microscopy reported by Allen et al, 6 we can now observe images hidden or obscured by noise, and visualize time-to-time alterations in the structure and morphology of cells below the limit of microscopic resolution.7 This technique has already been applied widely in the field of cell biology. [8] [9] [10] [11] [12] [13] [14] [15] It enables us to examine the detailed motions of intracellular organelles, mechanisms of par ticle tracking, 16-19 endocytosis, exocytosis,20-22 sprout ing, 23 cell adhesion, 24 and chemotaxis/movement. The aims of the present report are (1) to describe our VEC-DIC microscope (video microscope) which is a modification of the assembly developed by one of the present authors (S. T.), and (2) to demonstrate the swift transformation of PMNL and microglia into an activated form, and their locomotion on an uncoated glass coverslip as well as on an astroglial cell layer employing the video microscope.
Materials and Methods
Technique of VEC-DIC microscopy spatial resolution of conventional light microscopy by 10-20 times. However, it should also be stressed that the organelles of smaller size, e. g. granules/vesicles and filopodia, were seen as vague shadows in motion or fl uctuation. In other words, we were able to recognize the relative distance of the centers of moving granules in the plane at the order of the nanometer level with our video microscope. However, such fine movements were visible only on the video screen and not on still photo graphs capable of publication in journals. To gain a better understanding of biological phenomena, new media such as CD needed to be developed in the future. All images obtained were once recorded on videotape (30 frames per second) for storage employing a video cassette recorder (EDV-9000B, SONY EDBeta, Japan), which was further connected to a High 8 video cassette recorder (EV-NS9000, SONY Hi-8), a video editor (RM E1000, SONY, Japan) for tape editing, and a video printer (VP-9000, FUJIX, Japan) for immediate printing out of cut pictures if necessary. To analyze the motions of the small granules at a high spatial and temporal resolution, the selected part of the video tape of specific interest was played back and fed into an image analyzer (Avio Excel, Nippon Avionics) coupled to the above computer (PC-9821AP, NEC, Japan). This procedure was found to be very convenient for editing frames, and for analyzing the sizes, positions and motions of granules In addition to the ameboid locomotion, PMNL some times demonstrated a peculiar locomotion by stepping with "tiny legs" on the edge or surface of the endothelial cell, or sliding on the cover slip, probably involving a treadmill of cell membrane. Figure 4 illustrates the step ping of a PMNL in directional locomotion along the edge of a HUVEC superfused with DMEM. The PMNL fi nally adhered to the endothelial cell at the marginal zone of the nucleus through a bundle of fused legs. Figure 5 shows the sliding (treadmill locomotion) of a PMNL after being primed by with PAF. A uropod was seen to trail behind the marching cell body, with some part of the uropod occasionally being left behind the contracting uropod. Flapping bilateral lamellipodia ex tended symmetrically from both sides of the cell body resembling a squid. There were no apparent chemotactic substances in the superfusion fluid, so that it was enig matical for such a strong directional locomotion of the PMNL to occur. Activation: When activated, PMNL immediately (within seconds) transformed into an amorphous shape with ruffles and surface irregularities which varied con stantly in time and space. The round-shaped PMNL in Fig 6 displayed swift morphological changes when it approached a specific sector of a cultured pig brain endothelial cell which had grown and spread on the cover slip. The sequential morphological changes of this PMNL are shown in the series of photographs on the ri ght. The PMNL (which had flowed from the bottom left) stopped, remained for a while at a certain distance against the stream of flow, became immediately activated, approached, became more ruffled, and touched part of the endothelial cell with extending lamellipodia. After it had explored the sector in question and judged it to be of no further interest, the PMNL resumed its flow and departed in its previously assumed round shape. The trajectory of the cell suggested the presence of an un- congregates of zymosan-A with its lamellipodia ( Fig  13D) . The time-lapse from Fig 13A to 13D was less than 10s. Subsequently, the zymosan-A was wrapped up and apparently internalized. However, the quantity was so great that most of the zymosan-A appeared to remain undigested when the cell died. During the phagocytotic process, the movements of the intracellular granules/vesicles were characteristic:
They tended to line up as a forefront in attacking the foreign bodies which were engulfed, to gather and then to degranulate. The materials internalized within the cell boooy became amorphous and gradually disappeared.
Discussion
A process scenario for the energy of cell transformation will now be outlined. Mammalian cells including PMNL and microglia constitute nonequilibrium, open systems in which irreversible processes are occurring all the time.28 Contrary to common belief, the cell under normal conditions is thought by us to be fundamentally the most unstable, ready for any work. In other words, there is a high Gibbs free energy inherent in the cells as stored in the form of highly concentrated proteins confined within a balloon of thin cell membrane forcibly balanced by pumping small ions out. Although the conditions rep resent an isothermal, isobaric and isosmotic equilibrium, the small ions tend to move in across the membrane along the ionic gradients (a cell battery) as evidenced by osmotic cell swelling. 28 The membrane potential of ca. 60mV is one of the apparent forms of the Gibbs free energy. If we consider the thickness of the electrical layer be 10nm, the electrical gradient can be calculated as 6000V/cm. All membrane apparatuses are, in a sense, equipped to control as well as utilize such a huge potential by letting in the small ions across the cell membrane in a sparing manner. Immediately after small ions have entered the cell, the ions per se initiate a recovery process to restore the previous potential by activating Na-K-ATPase.
Broadly speaking, the locomotion and activation of PMNL and microglia are considered to be achieved through expenditure of the energy stored and the produced immediately within the cell. It is said that the morpho logical changes start with binding of either paracrine or autocrine chemoattractants with receptors on the cells. Various stimuli trigger different cellular responses, in cluding actin polymerization, cytoskeletal reorganization, changes of cell shape, directed motility, secretion of lysosomal enzymes or cytokines and activation of respir atory bursts. Membrane-bound phospholipase A2 and C, and diglyceride lipase are activated liberating unsaturated fatty acids, which further accelerate superoxide gener ation, depolarization of the membrane potential and increases in the intracellular calcium level. 29 The pool of receptors is translocated to the plasma membrane during degranulation and may be important for receptor renewal during chemotaxis. 30 Our data demonstrated that transformation into an ameboid shape upon exposure to appropriate stimuli was very rapid (of the order of seconds) for both PMNL (Fig  7) and microglia (Figs 12 and 13) , while transformation of PMNL into a locomotive form, and transformation of the microglia from ramified form to reactive form were rather slow (of the order of minutes). The differences in response-times of transformations for locomotion and phagocytosis could reflect differences in the magnitudes of the stimuli (including chemoattractants) or different stimulus-response coupling of chemotactic receptors. Synderman and Pike31 have in fact identified high-affinity receptors for secretion and low-affinity receptors for chemotaxis of PMNL. Regardless of the mechanisms involved, such rapidity in the spread of lamellipodia fr om the cell body, when examined by play-back of the video at a higher speed, resembled a burst of corona discharge or a spark of electricity stored within the cell. Directional locomotion of PMNL can generally be thought to be determined by a directed response of the cell to stable, spatial gradients of chemoattractants. However, the locomotion of PMNL reported above was not direc tional and the PMNL tended to move in a scattered fashion. Vicker et al32 reported that neutrophil leukocyte chemotaxis was not induced by a spatial gradient of chemoattractant, and that the cells were exposed to characteristic temporal changes in the attractant, es pecially as it developed. Mandeville et al33 noted that the intracellular calcium levels were correlated with the speed and persistent forward motion of migrating PMNL. Marks34 found that during chemotaxis and phagocytosis, repetitive transient alterations took place in the intra cellular calcium. Accompanying such transient changes during phagocytosis was a localized increase in intra cellular calcium in the periphagosomal region, which was more apparent in cells phagocytosing particles.34 Calcium was inferred to control well-organized directional streams in trains from the rear to front of the migrating cell, representing the traffic of recycling plasma membrane components to the leading edge of the cell via endocytosis exocytosis. 35 The role of actin in morphological changes has also been well documented: the assembly of actin filaments periodically pushes out lamellipodia and micro spikes on one side of the cell, stretching the cell cortex in a way that polarizes the cell and helps it to move forward. The same cycle can be repeated over and over again, propelling the PMNL constantly forward. This process might explain the "stepping" locomotions of PMNL. The fact that colchicine failed to halt cell locomotion suggested that, even without functioning microtubules, actin poly merization alone was capable of eliciting cell locomotion. This could account for the above microglial locomotion without appreciable cytosolic and granular/vesicular During the activation process, cell membrane potential changes of the PMNL appear to be of importance. Membrane depolarization was reported by Luscinskas et al36 to result from altered transmembrane cationic gradients, both for Na and K, during PMNL activation. On the other hand, Seligman et al37 observed hyper polarizing membrane potential changes on the PMNL plasma membrane produced by chemotactic factors based on dye fluorescence studies. Taking the various data together, we speculate that "local" rapid actin polymer ization may be controlled by "local" calcium ions with utilization of the huge electrical gradient, resulting in a heterogeneous distribution of depolarization and hyper polarization varying in time and space on the cell mem brane. The surface charge of cells is considered to be one of the factors determining the balance of attractive versus repulsive forces that operate between cell and other surfaces. However, due to masking by small ion clouds in the medium, the effective range is very short (less than 100nm). The trajectory of a PMNL approaching a sector of an endothelial cell, as exemplified by the PMNL in Fig  6 , cannot be explained by the Debye-Huckel theory, or by van der Waals forces. When the interactions between PMNL and cultured vascular endothelial cells were exam ined by our video microcopy technique, some PMNL were seen to roll on the surface of the endothelial cells, while the majority of PMNL were seen to proceed directly to and became arrested by the endothelial cells. Many important questions remain to be answered. What actually causes the accumulation of leukocytes in ischemic lesions of the brain? What propels the leukocytes to specific endothelial cells? What attracts particles to phagocytes? What are the basic mechanisms of the above-described "approach -stop-go" phenomena? Perhaps , novel ideas such as that of a long-range coherence and resonance between two cells by means of giant dipoles, as proposed by Frohlich,38 will help to provid clues towards resilving these difficult questions. 
